The advances in infrared thermography during recent years have opened new possibilities for its use in medical diagnosis. The detection of complications related to diabetic foot is one of the many uses of this technology. This paper presents a new public plantar thermogram database composed of 334 plantar thermograms from 122 diabetic subjects and 45 non-diabetic subjects. Each thermogram includes four extra images with their respective temperature file, corresponding to the four plantar angiosomes. The database is expected to provide a valuable source to promote research about the potential of infrared thermography for the early diagnosis of diabetic foot problems. The work describes the plantar thermogram acquisition protocol, including the acquisition system and the proper preparation of the subject. It also presents a brief review of the techniques used in previous works for segmentation, registration and correction of feet posture.
I. INTRODUCTION
The use of infrared thermography (IRT) in medical imaging diagnosis has increased in recent years as a result of technological advances in infrared cameras to improve the speed of response and resolution [1] . IRT is a non-contact, non-intrusive and non-invasive technique that allows real time surface temperature to be displayed. In contrast with other imaging techniques used in medicine, IRT does not use any harmful radiation since it only detects the radiation emitted by the object [2] . In the case of diabetes, IRT has been successfully used, especially to detect complications related to diabetic foot [3] - [8] .
Diabetic foot is one of the major complications experienced by diabetic patients, and it can be defined as the group of syndromes in which the existence of neuropathy, ischemia and infection cause tissue damage or secondary ulcers to micro-traumatisms, causing an important morbidity that can result in amputations [9] . Diabetic patients have around 12 -25% lifetime risk of developing a foot ulcer [10] , which is mainly related to peripheral neuropathy, and often with peripheral arterial disease [11] . As the skin can be considered an interface between the body and the environment, it can be influenced by several external and internal factors [12] .
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Peripheral vascular disease (PVD) is a significant complication of diabetes and can produce changes in blood flow that will induce a change in skin temperature. An increase in skin temperature can also indicate tissue damage or inflammation associated with some type of trauma or excessive pressure. These traumas are often related to moderate repetitive stress that goes unnoticed due to sensory damage (diabetic neuropathy). Shoe-related trauma, high plantar pressures caused by foot deformities, and repetitive stress associated with walking or daily activities have been identified as the most frequent precursors of ulceration [13] . The application of thermal imaging for the detection of diabetic foot complications is based on the assumption that a variation in the plantar temperature is associated with these types of complications.
Currently, there is wide research concerning the automatic identification of diabetic foot problems using IRT. Asymmetric temperature analysis is the most common approach due to its simplicity and its consists in comparing the temperature of one foot with its contralateral. Due to the different foot shapes among subjects and the different temperatures present in diabetic patients, thermogram processing, including the segmentation process, is an important step since the accuracy of the subsequent analysis depends directly on it. Different techniques have been presented for the processing of plantar thermograms, including segmentation techniques, such as thresholding, active contour models, edge detection, diffuse clustering, among others.
The main purpose of this paper is to present a new plantar thermogram database created during our research. To our knowledge, there is no freely available public database of plantar thermograms. The database contains 334 individual foot thermograms from 122 diabetic subjects and 45 nondiabetic subjects. The foot is isolated from the rest of the thermogram background and manually corrected to work directly with it. This public database aims to increase research about the potential of IRT for the early diagnosis of diabetic foot problems, allowing the development of more powerful techniques to detect these problems. Each thermogram includes four extra images with their respective temperature file, corresponding to the four plantar angiosomes. An angiosome is a unit composed of tissues supplied by a single artery [5] , and therefore, provides valuable information that relates temperature to arterial damage. With the angiosome extraction, it may be possible to identify if the blood supply of a particular angiosome is compromised, and if it is detected, the patient can pay more attention to prevent the formation of diabetic foot ulcers [5] . Also, for each sample, the foot temperature and the temperature of each angiosome are included, as well as the thermal change index (TCI). This will allow researchers to work directly with this data, if necessary.
The remainder of the paper is organized as follows. Section II presents a brief description of the different methods proposed for the segmentation and registration of the plantar thermograms. In Section III, the plantar thermogram acquisition protocol, including the acquisition system, subject preparation, subjects information, thermogram processing and angiosome extraction, is presented. Section IV presents a description of the database, and finally, in Section V the conclusion of this paper is presented.
II. RELATED WORK
IRT is a widely used technique in several medical applications, including in the detection of diabetic foot problems. The thermal analysis presented until now can be classified into four categories: independent limb temperature analysis, asymmetric analysis, temperature distribution analysis and external stress analysis [14] . Independent limb temperature analysis is a simple analysis that allows obtaining representative temperature ranges among different study groups. External stress analysis consists in applying an external stimulus to the patient and analyzing the behavior of the plantar temperature to this stimulus. The main purpose of the temperature distribution analysis is to evaluate mainly the way in which the temperature is distributed and not its magnitude. Asymmetric analysis is the most common analysis; it compares the plantar temperature of one foot with respect to the contralateral foot temperature.
Several of these analyses include automatic processes of segmentation, registration and correction of feet posture, especially asymmetric analysis. Image segmentation is the process of partitioning a digital image into a set of non-overlapping regions, whose union is the entire image [15] , whereas image registration is the process of overlaying two or more images of the same scene taken at different times, from different viewpoints, and/or by different sensors [16] . Both processes require an effective performance since the accuracy of subsequent analyses depends directly on both. In this section, a brief description of the different techniques proposed for the segmentation, registration and feet posture correction of plantar thermograms is presented.
In [17] - [22] , examples of a histogram-shape based thresholding method to extract the plantar region directly from the thermogram are presented. For subsequent analysis in [18] , [19] , [21] , [22] , the feet posture was corrected by two reference points: one at the tip of the first toe and the other one at the center of the calcaneal base. After several tests, they concluded that an angle ≈ 85 • on the inside of the foot, between both points, indicated a vertical feet position. Kaabouch et al. [23] - [27] tested different methods for extracting the feet from the background, such as methods based on histogram shape, clustering, entropy, object attribute, as well as genetic algorithms; it was concluded that the genetic algorithm-based thresholding technique has the best results. To adjust the left and right feet at the same position for an asymmetric analysis, [24] - [27] , a geometric transformation was needed. Based on two feature points, the centroid and the furthest point from the centroid to the heel, the angle was calculated with the line between the two points and the vertical direction. Then, a translation to put the feet in the middle of the image and a rotation to the vertical position of the characteristic line were preformed. In [23] , the same author presented an alternative technique based on scalable scanning. The proposed technique allows a more reliable comparison, even if the shapes and sizes of the two foot projections are different.
Thresholding methods achieve good results when the contrast between the plantar region and background is high. This produces a bimodal image histogram where two data peaks can be observed, one representing the plantar region and the other representing the background. In 2013, Liu et al. [28] implemented the methods described in [23] - [27] , but the results obtained were not satisfactory in image, where there is no clear intensity difference between the foot and the background. They implemented the Active Contours Without Edges (ACWE) method; however, the images without high contrast and visible parts of the ankles and legs still needed manual adjustment. In [34] , they developed a computer-aided diagnostic system for diabetic peripheral neuropathy, where the segmentation process was based on techniques, such as continuous max-flow, model based segmentation, shape preservation, convex hull, and temperature normalization. First, they applied the continuous max-flow method to segment the foot in the first frame of the thermal video. With the segmentation of the first frame, they applied a shape extraction to create a geometric foot model. Then, for the successive frames, a numerical optimization was used to search for the best fit of the foot model based on mutual information. Only rotation and translation were needed because the authors mentioned that there was a minimum deformation of the foot, and the foot did not warm up uniformly. After this process, they extracted the temperature change for each point on plantar temperature to analyze it with their thermal model and obtained a thermoregulation map at each point of the feet.
In [30] , a comparison between two image segmentation techniques for plantar thermograms is presented. The edge detection and watershed method were used to segment ten thermograms of healthy feet and ten of diabetic feet. The comparison shows that the edge detection technique was more reliable than the watershed method. More recently, Sudha et al. [43] presented a semi-automatic segmentation algorithm based on Otsu thresholding, followed by morphological operations. They tested this methodology under three different image acquisition setups. They showed that morphological operations combined with the Otsu thresholding performed good results in each of the image conditions, mainly in the ankle area. In a subsequent work [44] , they used the same segmentation method presented in [43] for healthy foot thermograms, but they used an ACWE method for diabetic foot thermograms. In [46] , a method based on a modified active contour that included prior shape information, namely an atlas of the plantar foot contour, is presented. The proposed method overcomes the classical Snake method, as well as other segmentation methods, such as region growing, active contour approaches, methods based on level sets [48] - [50] and the graph cut approach [51] . However, as in other works, the problem also occurs when the toes are cold or at the same temperature as the background.
Despite the different methods presented to isolate the plantar region directly from the thermogram, the main problem occurs when the temperature of a part of the foot is similar to the background, so the contrast between both regions is low. To avoid this problem, Liu et al. [40] presented a more precise foot segmentation when there is no clear thermal contrast between the foot and the background. This was done by using the color image to guide the thermogram segmentation. They used three different unsupervised learning algorithms to extract the feet of the color images: the K-means algorithm, the expectation-maximization linear discriminant classifier (EM-LDC) and the expectation-maximization linear quadratic classifier (EM-QDC). The algorithms were applied in six different color planes (RGB, normalized RGB, RGBratio, HSV, CIE L*a*b*, and YCbCr) and with different values of k(k = 1, 2, 3). Of the 72 possible combinations, only nine satisfied their performance requirements, from which they chose segmentation in the CIE Lab plane, using the EM-LDC algorithm with k = 3 with a sensitivity and specificity of 97.9±0.7 and 98.9±0.7, respectively. The next step is the alignment of the RGB and thermal image. To do this, they selected a quantitative criterion based on the observation that statistics of the temperatures in a region inside the foot differ when compared with a region outside of the foot. Finally, to perform the asymmetric analysis, a landmarkbased deformation model with B-splines was implemented. In [41] , it is mentioned that segmenting the feet directly from the thermogram is more complex than hands and shins because the feet are typically colder, and the temperature difference between the feet and the background can be very small, making several segmentation processes ineffective. For this reason, they also used the RGB image to segment the feet by a thresholding method. The registration process was performed using the inbuilt MATLAB function imregister() with a maximum number of iteration of 300. This function performed an intensity-based image registration. Recently, in 2019, Verma et al. [47] carried out a comparison between different segmentation techniques, presenting the advantages and disadvantages of each of these methods: thresholding methods (global and multiple threshold), edge based methods (Sobel, Canny and Roberts operators), region based methods (region growing and region splitting and merging), watershed, and clustering based methods (hard and soft clustering). Table 1 summarizes the different methods proposed for segmentation and registration of plantar thermograms.
III. PLANTAR THERMOGRAM ACQUISITION PROTOCOL
Currently, the database is composed of 167 plantar thermograms, which were obtained from 122 diabetic subjects and 45 non-diabetic subjects. The subjects were recruited from the General Hospital of the North, the General Hospital of the South, the BIOCARE clinic and the National Institute of Astrophysics, Optics and Electronics (INAOE) over a period of 3 years (from 2012 to 2014). All of these places are located in the city of Puebla, Mexico. The participants were informed about the tests and voluntarily agreed to participate in the study. In order to obtain accurate and useful thermograms for clinical practice, the recommendations of the International Academy of Clinical Thermology were followed [54] .
A. ACQUISITION SYSTEM
The system consists of three main components: an examination bed, an obstructive IR device and the infrared camera (Fig. 1 ). The first component is an examination bed used to keep the subject in supine position during the acclimatization period (see Section III-B). The second component is an obstructive IR device to isolate the plantar temperature. The device was placed in the malleolus area to avoid the radiation emitted from the rest of the body. Several modifications were made to the obstructive IR device to get a better contrast between the plantar region and the background. The final device is a metal plate with two holes to place the feet. A piece of black cloth is dropped on the plate to avoid any temperature outside the plantar region. Thus, a uniform background is obtained in the color image for a better segmentation (Fig. 2) .
Finally, the third component is the infrared camera. Two different infrared cameras were used for thermogram acquisition (FLIR E60 and FLIR E6). During the thermogram acquisition, the position of the camera is fixed by an adjustable vertical tripod to avoid any undesirable movement. The tripod is placed one meter away from the feet.
B. SUBJECT PREPARATION
Before the acquisition process, all patients were informed of the study to obtain their verbal consent to participate. Also, all patients were asked if they had prolonged sun exposure or if they perform any intense physical activity. If any of these answers were affirmative, they were re-scheduled for another day to conduct the study.
The preparation of the subjects was done in a room with a temperature of 20 ± 1 • C. The participants were asked to remove their shoes and socks and clean their feet with a damp towel. After that, the subjects were invited to maintain a supine position for 15 minutes in order to reach a state of thermodynamic equilibrium and to improve the accuracy of temperature variation detection [55] . During resting time, the feet remained uncovered and the patients had to avoid any type of effort that could affect blood pressure, and as a result, affect the plantar temperature. This is the reason why no type of device was used to maintain the correct position of the feet.
C. SUBJECT INFORMATION
During the acclimatization period, personal information about the patient was taken, such as name, age, gender, height and weight. Table 2 summarizes the data collected.
D. THERMOGRAM PROCESSING
For each plantar thermogram, the left and right foot were extracted, and each was taken as a separate thermogram, obtaining a database of 334 individual thermograms. As mentioned previously, if any device is placed to maintain the feet in vertical position, the blood pressure can be affected, and therefore, the temperature will also be affected. for this reason, after segmenting the feet, the posture was digitally corrected. Figure 3 shows some examples of the segmentation performed in plantar thermograms with different methods: Otsu thresholding, Chan and Vese method and canny detector. As mentioned in Section II, if there is a significant difference between the temperature of the plantar region and the background, most of the segmentation techniques present an effective performance ( Figs. 3a-d) . However, there may be cases in which the plantar temperature is almost the same as the background temperature ( Figs. 3e and i) , which is why the segmentation techniques are ineffective ( Fig. 3f-i) . This is the reason why the segmentation directly on the thermogram has been a problem addressed in different works. Figure 4 shows the segmentation performed on the RGB image under different segmentation techniques: expectation-maximization algorithm, k-means and canny detector. Using the device mentioned in Section III-A, the piece of black cloth over the device allows us not only to create a contrast between the plantar region and the background, but also to cover the ankle and part of the foot without creating unnecessary pressure. It can be seen that the best results are obtained by the canny edge detector.
Once the plantar region is isolated, the plantar thermograms are split into two images, one for each foot, and after that, the foot posture is corrected. Figure 5 shows the comparison between the method used in a previous work [22] (blue line) and Hotelling transform (green line). The first one is based on two reference points: the tip of the innermost toe, and the center of the calcaneal base. The angle between the line connecting the two points and a vertical line is calculated and the foot is rotated until reaching an internal angle of 85 • . It can be seen that the difference between the two methods is minimal (blue and green line). The disadvantage of the first method occurs mainly when locating the two points because if there was no precise segmentation, the points could not be located properly. Several modifications of the device were made until reaching the final device, where an improvement in the segmentation of low contrast thermograms can be observed. All thermograms were checked after the automatic process of segmentation and posture correction. If the result was not satisfactory, the thermograms were manually fixed for the database.
E. ANGIOSOMES EXTRACTION
Several works have presented a thermal plantar analysis based on the measurement of specific points. If we take into account the temperature from the entire plantar region, it is possible to perform a complete analysis of its general state. However, it is important to consider a regional division of the foot since it does not have a uniform temperature [56] , [57] . As reported in [5] , an angiosome is a unit composed of tissues supplied Comparison between two rotation methods. The red line is the original edge, the blue line is the rotation method proposed in [22] , and the green line is the rotation by the Hotelling transform.
by a single artery, and therefore, provides valuable information that relates temperature to arterial damage. The foot is divided into four angiosomes: Medial Plantar Artery (MPA), lateral plantar artery (LPA), medial calcaneal artery (MCA) and lateral calcaneal artery (LCA) (Fig. 6 ). After the foot position is corrected, angiosome division is carried out by an automatic process. To do this, a proportional segmentation was performed, as presented in a previous work [19] . Two reference points are taken to calculate the height of the foot (H): Point A is located at the tip of the innermost toe, and Point B is located at the center of the calcaneal base. The width of the foot (W) is calculated by identifying two additional points C and D, which correspond to the largest part of the foot. Once the dimensions are known, the angiosomes are extracted through a proportional division of the foot, as shown in Fig. 6 . Therefore, four sub-images are created, one for each angiosome.
IV. PLANTAR THERMOGRAM DATABASE
The database contains 334 foot thermograms, each one assigned with a unique nomenclature. The first letters represent the subject group (CG: control group and DM: diabetic group) followed by three digits to number the thermograms. After that, the gender of the subject (M: male of the control group. The TCI value is based on the mean differences between corresponding angiosomes from a diabetic subject and the reference values from Table 3 [19] . The index is calculated by:
In this work, the design of a plantar thermogram database is presented. The database is composed of 334 individual thermograms from 122 diabetic subjects and 45 non-diabetic subjects. Each thermogram includes four extra images corresponding to the plantar angiosomes, and each image is accompanied by its temperature file. The angiosome extraction allows analyzing the temperature of these regions and can be used to identify possible changes in the angiosome blood supply that can indicate risk of ulceration. The database will allow researchers of this area to evaluate the potential contribution of the IRT for early detection of diabetic foot complications. In addition, the document presents some of the techniques of segmentation, registration and correction of feet posture presented in previous works, emphasizing the differences and problems that have not been resolved yet. FRANCISCO JAVIER RENERO-CARRILLO received the bachelor's degree in physics from the Universidad Autonóma de Puebla, Mexico, in 1987, and the M.E. and Ph.D. degrees from Osaka University, in 1992 and 1995, respectively. He is currently a full-time Researcher with the Optics Department, INAOE, Mexico. His research interest includes in optical image processing for medical applications. VOLUME 7, 2019 
